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Hydrogen-Air Mixing Evaluation in Reciprocating Engines
Background Hydrogen-fueled engines are attractive power sources that do not produce greenhouse gases (C0 2 ), with the exception of burned oil and carbon monoxide (CO). The exhaust products are nitrogen (N 2 ), water vapor (H 2 0), and nitric oxide (NO). Of these, only nitric oxide is considered a problem. Hydrogen can be burned in internal-combustion engines in various ways. Because it has a high autoignition temperature, it is more attractive as a fuel for spark-ignition engines than for compression-ignition engines.
The hydrogen fuel-air formation for a spark-ignited engine can be mixed external to the cylinder or in the cylinder. Mixing in-cylinder can be either early injection, which forms a homogeneous charge, or late injection (near top-dead-center, TDC) so that the fuel burns as it is injected, as in a diesel engine. External mixing of hydrogen and air is limited both by the power that can be produced and by backfiring through the intake system. The power limitation is due to air being displaced by hydrogen gas. Because the air/fuel ratio for a stoichiometric mixture of hydrogen is 2.4 by volume, the maximum air flow into the engine is reduced by about 29% relative to injection of the fuel into the cylinder, reducing the maximum engine power by a similar amount Backfiring associated with external mixing of the fuel occurs when pre-ignition of the fuel advances at every cycle until it finally occurs before the intake valve is closed, causing the flame to propagate into the premixed charge in the intake system and explode (Furuhama 1992) . One approach to avoiding backfire is to make the hydrogen-air mixture lean to slow the flame speed; this results in a practical limit of about 50% of the power available from stoichiometric combustion of hydrogen in the same-size engine (Furuhama 1992) . External mixing can result in very high efficiencies under lean operation, but is limited in maximum power.
There are two choices for in-cylinder injection of hydrogen: (1) early-cycle, low-pressure injection forming a pre-mixed charge, or (2) late-cycle, high-pressure injection (near IDC). The early-cycle injection is limited by pre-ignition from hot surfaces and by knocking due to the very high flame speed of hydrogen (320 cm/s for rich mixtures versus 45 cm/s for most hydrocarbon fuels ; Glassman 1987) . This results in erratic combustion and limits the power available. The pre-ignition problem may be somewhat reduced by injecting cooled hydrogen gas, but this approach appears to be more effective for 2-stroke engines than for 4-stroke engines (Furuhama 1992) .
Late-cycle injection of hydrogen overcomes the pre-ignition problem if the fuel can be ignited early in the injection process and then burned as it is injected. However, the ignition and burning can be very rough if the ignition timing does not allow combustion to occur very early in the injection process (Furuhama 1992; Koyanagi et al. 1993) . Very careful control of spark timing and location can help control the erratic combustion. Also, late-cycle injection requires high injection pressures to overcome the high cylinder pressures, with injection pressures of about 1 l\1Pa (Koyanagi et al. 1993 ). This late cycle, high-pressure hydrogen injection may be more easily controlled and more practical using liquid hydrogen rather than gaseous hydrogen. Musashi Institute of Technology (Musashi I.T. ), Tokyo, Japan, has developed liquid-hydrogen storage and high-pressure liquid pumps and injection systems suitable for automobiles and has used them on several demonstration vehicles (Furuhama and Tomisawa 1991) . Storing liquid hydrogen on vehicles reduces the weight requirements (Furuhama 1991) . However, it is a very low-temperature cryogenic fuel, and that, of course, introduces a number of handling and storage problems.
In addition to the requirement for developing cryogenic fuel pumping and handling systems, late-cycle, direct-injection of hydrogen has been limited by the extreme sensitivity to spark timing and location (Furuhama 1992; Koyanagi et al. 1993) . Hydrogen has several properties that must be considered in evaluating this problem. First, it has very wide flammability limits, making it easier to locate the spark in a combustible portion of the fuel-air plume, an asset when compared with gasoline. However, because the fuel is gaseous rather than liquid when it is injected, there is no liquid evaporation to limit the burning rate. Further, for stoichiometric mixtures, the laminar flame speed of hydrogen is about four times that of gasoline. Thus, if a significant amount of hydrogen has been sprayed into the cylinder before ignition, the initial combustion rate is so great that maximum cylinder pressures are exceeded. Therefore, the spark must occur early in the injection process, before much hydrogen has been injected. This means that the spark plug must be located close to the fuel injector, and the mixture must be ignited before very much fuel-air mixing has occurred. Figure 1 shows a contour plot of gaseous fuel-air mixing ratios, expressed in terms of stoichiometry, where 1.0 is the "chemically correct" mixture. Note that, close to the injector, the gradients in fuel-air ratio are very high, making it very difficult to select a spark-plug location that is at a mixture ratio where ignition is easily achievable, especially considering the fact that engine swirl will deflect the fuel plume and that changing engine speeds will cause different amounts of deflection. This was the problem addressed in this project: to evaluate hydrogen-air mixing in a direct-injection engine, early in the injection process.
Objective
The objective of this work was to evaluate hydrogen fuel-air mixing in a direct-injection system for a spark-ignited, hydrogen-fueled vehicle, especially early in the injection process. The purpose of this work was to gain sufficient understanding of the problem of erratic combustion of hydrogen to determine what approaches might be tried to more easily ignite the hydrogen-air plume in the engine. The computational portion of this work was performed at SwRI, San Antonio, Texas, while the experimental portion was conducted at Musashi I.T. in Tokyo. This NRELIDOE contract sponsored the work conducted at SwRI only.
Approach
Experimental measurements of hydrogen-air (actually nitrogen in place of air) mixing in a hydrogen-fuel, direct-injection system were conducted at Musashi I.T. These experiments included measurements of hydrogen fuel concentration by Rayleigh light scattering of hydrogen and nitrogen (the background gas in the bomb), and by high-speed schlieren photographs of penetration rates of hydrogen gas into a nitrogen-filled bomb. The Rayleigh light-scattering measurements gave a determination of relative molecular concentration of hydrogen and nitrogen. The molecular concentration ratios are the same as the ratios by volume of the two gases, so these ratios can be compared directly with ratios computed by the model. The penetration rates also may be compared with penetration estimates made by the model.
The experimental measurements of hydrogen-air mixing from Musashi I. T. tests were compared with computational estimates of mixing using the JETMIX computer model, a model previously developed at SwRI for diesel fuel studies. Specifying the cone angle of the fuel-air jet from experimental measurements, and the fuel pressure and hole size of the injector hole, the fuel-air mixing of a steady-state gas jet can be predicted in a two-dimensional plane. The two dimensions are the axial distance from the injector tip and the radial distance from the centerline of the jet. Figure 2 (a), and the expanded tip is shown in Figure 2 (b). In both cases, the valve is located 17 mm upstream of the injector tip. The injector tip being tested was mounted in an elevated-pressure, room-temperature bomb as shown in Figure 3 . The optical apparatus for making the Rayleigh scattering measurements of hydrogen concentration is shown in Figure 4 . High-speed schlieren photography was used for penetration-rate measurements on the standard injector tip.
The hydrogen concentration measurements were based on Rayleigh scattering measurements, which j measure molecular scattering. Hydrogen was injected into a nitrogen-filled bomb. As the hydrogen � , displaced some of the nitrogen, the scattering intensity was reduced since the smaller hydrogen molecule has a smaller Rayleigh scattering cross-section than the nitrogen molecule. The general expression for the scattering intensity is
where I is the scattering intensity in mks units of watts•m- Thus, for the first experiment when the bomb is filled with just static nitrogen, the scattering intensity for nitrogen, I N , is
where Na is the molecular concentration for the experiment, which is the molecular concentration of nitrogen, and cr N is the Rayleigh scattering cross-section for nitrogen.
For the second experiment, when hydrogen is injected into the nitrogen-filled bomb, the scattering intensity is due to scattering from both nitrogen and hydrogen. Assuming the mole fraction of nitrogen is f N and the mole fraction of hydrogen is f H , the combined scattering intensity for nitrogen plus hydrogen, I N+H ' is (3) where f N is the mole (or molecular) fraction of nitrogen molecules in the scattering volume, f H is the mole fraction of hydrogen molecules in the scattering volume, Nb is the total molecular concentration, and cr H is the Rayleigh scatt ering cross-section for hydrogen. Because f N + f H = 1 if only nitrogen and hydrogen are present in the bomb, the combined scattering intensity may be written as Figure 2 (a). Straight-tip hydrogen-injection nozzle used in Musashi I.T. tests. , i
This equation may be solved for the mole fraction of hydrogen as follows (5) If the injection of hydrogen does not significantly increase the overall pressure and therefore the molecular density in the bomb, and likewise if the high-velocity jet is assumed to have the same pressure as the stagnant gas in the bomb, ignoring the normal reduction in static pressure and density with velocity, and if the local pressure increase at the head of the penetrating jet is ignored, then N b = N a , and
Because hydrogen is a smaller molecule than nitrogen, its scattering cross-section cr is smaller, and the scattering intensity of the mixture is less than the scattering intensity of nitrogen alone. Some examples of the Rayleigh scatt ering intensity measurements 5 mm downstream of the injector tip are shown in Figure 5 . Note that scattering intensity actually decreases with increasing hydrogen concentration.
Jet-Mixing Model
SwRI developed a computer model called JETMIX for evaluating fuel-air mixing in direct-injected, diesel fueled, compression-ignition engines prior to this NRELIDOE project. The JETMIX model simplifies the mixing process by ignoring the phase change of diesel fuel from a liquid to a gas, treating the liquid as a dense gas. This is appropriate since the limit to fuel-air mixing is usually not due to evaporation of the liquid fuel, but to the mixing of the evaporated fuel with the air in the chamber (Heywood 19 88) . However, this assumption of ignoring the liquid-fuel evaporation is not an issue in the injection of gaseous hydrogen. (The Musashi I. T. design stores and pumps the hydrogen as a cryogenic liquid, then vaporizes it and injects it as a gas.)
The JETMIX model is described in detail in Appendix A as it was developed for diesel injection; some of the modifications required to apply it to hydrogen gas injection are described below. Three assumptions commonly used in the analysis of jets were used to derive the equations used in this model:
(1) The fuel mass-flow rate of the jet at every axial cross-section is the same, and is equal to the fuel mass-flow rate at the source.
(2) The momentum rate of the jet at every cross-section is the same, and is equal to the momentum rate of the jet at the source.
The spreading angle of the jet is assumed to be constant, and the profiles of velocity and fuel mass fraction are assumed to be self-similar and to follow the profiles described in Appendix A.
Appendix A shows how, starting with these assumptions, the fuel-air mixing rate of fuel and air are predicted. However, the appendix illustrates the development of the model for an (approximately) incompressible fluid, diesel fuel. Certain modifications were required to adapt the model to hydrogen. The changes required for hydrogen-air mixing calculations are outlined in this section.
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Time after valve open (ms) Figure 5 . Examples of signals from hydrogen concentration measurements at Musashi I.T.
( The mach number M through the injection nozzle is calculated as (7) where p0 is the pressure upstream of the injector, p is the pressure in the bomb, and 'Y is the specific heat ratio. The mach number is converted into a velocity using the sonic velocity, c0, which is
where R is the universal gas constant, T is the absolute temperature, and MW is the molecular weight. The gas velocity in the nozzle is estimated from the mach number and the sonic velocity as (9) where c0 is the discharge coefficient The fuel mass-flow rate in the injector is calculated as (10) where Iil is the fuel mass-flow rate and A is the orifice area.
The JETMIX model was constructed for an almost incompressible fuel, while hydrogen is a compressible gas. Therefore, essentially instantaneous expansion of hydrogen at the exit of the injector must be taken into account. Further, the velocity profile in the injector is assumed to be plug flow with uniform velocity across the orifice, while at the orifice exit the jet must transition into an approximately Gaussian profile.
To address the problem of hydrogen gas expansion, rather than modeling the expansion of the hydrogen gas at the exit from the injector, the gas is assumed to have already expanded in the injector. The density of the hydrogen in the injector is thereby reduced from its actual density by the ratio P bomb I p0, where P bomb is the background pressure in the bomb and p0 is the pressure upstream of the injector. It is important to maintain the proper mass-flow rate and momentum rate (momentum * velocity) in the injector, so reducing the gas density requires that the area be increased by P o I P bomb · The fuel mass-flow rate and the total momentum rate of the jet are constant at every jet cross-section downstream of the injector and are equal to that in the injector. Therefore, both must be correctly specified in the injector.
To address the rearr angement of the hydrogen-fuel profile from radially uniform in the injector to approximately Gaussian outside the injector, the transition that takes an unknown finite distance in real life is modeled as occurr ing instantaneously at the nozzle exit. The diameter of the jet must instantaneously increase by a factor of 1.72 to conserve fuel mass for the radial profile of fuel concentration assumed in the model.
Another problem in modeling the gas flow is that, at typical operating conditions, the hydrogen gas velocity in the injector is sonic. For hydrogen at room temperature, this velocity is about 1300 rn/s. As the gas exits the orifice, it accelerates to supersonic and then shocks down to subsonic. However, after air mixes into the jet, sonic velocities are eventually reduced to about 340 rn/s. The jet might continue to further shock to reduce to subsonic velocities relative to air sonic velocities. This might cause some irreversible losses that are not accounted for in the model.
Comparison of Calculations and Measurements for Hydrogen-Air Mixing
The computer model JETMIX was used to calculate the concentration of hydrogen downstream of two The discharge coefficient in the JETMIX model was adjusted to a value of 0.629 to match the predicted flow rate to the measured value. This is a reasonable discharge coefficient for the sharp-edged, 17-mm long, 1-mm-diameter orifice. The figures show that the cone angle as measured from the hydrogen concentration measurements was less than 22°. However, the schlieren photographs showed this cone angle to be larger, so 22 o was a compromise. The general development of the jet is well predicted by the model, but the absolute concentrations, or hydrogen-nitrogen ratios, show some discrepancies between experimental measurements and the model. In spite of having a larger computed cone angle, the model predicted higher hydrogen concentrations than were measured. By conservation of mass, the predictions should have been lower than the measured values at centerline if the shapes were broader (larger cone angle). Similar comparisons for the expanded tip are shown in Figures 10-13 for the expanded-tip hydrogen concentrations at axial distances from the injector tip of 5, 10, 15, and 20 mm, respectively. Conditions were the same as for the straight tip, except that a cone angle of 33.4 o measured from schlieren photography-was used for all computations. Also, the measured mass-flow rate through this injector was 0.931 • 10-3 kg/s (655.0 N L/min). The discharge coefficient used in the JETMIX calculations was adjusted to 0.654 so that the computed mass-flow rate agreed with the measured value. Again, the computed hydrogen concentrations in the jet were larger than the measured concentrations, and the cone angle for the computed profiles was broader than for the measured profiles. The computed and measured profiles showed similar shapes and similar evolution moving downstream from the injector tip.
Comparisons of predicted and measured hydrogen jet penetration rates for the straight tip are shown in Figures 14-17 for injection pressures of 1.86, 2.45, 3.04, and 3.82 MPa, respectively, injecting into the bomb at 1.08 MPa. The beginning of injection for the experimental data was somewhat difficult to establish in a format directly comparable with the JETMIX model. The model assumes that the valve ,,,,,,,,,,,,,,,,,,r,,J,,r,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,, controlling the fuel flow is just upstream of the injector holes, as is the case in diesel injectors. However, for these experiments, the control valve was followed by a 17-mm-long, 1-mm-diameter injection tube, as shown in Figure 2 (a). Thus, when the injection valve opens, the high-pressure hydrogen begins to flow down the 17-mm-long injector tube, forcing out a jet of nitrogen that was at rest in the tube. After expelling all the nitrogen, the hydrogen begins flowing from the tube, and gradually builds up to full pressure. The relative response of the schlieren to the initial jet of nitrogen and then to the hydrogen is unknown, but it is clear from the experimental profiles that the initial jet velocity measured by the schlieren photographs was characteristic of a lower pressure than later experimental proflles. In an attempt to account for the gradual buildup to the full injection pressure, all the experimental proflles were shifted by -0.3 ms from the measured times, assuming the transit of the hydrogen jet through the 17 -mm-long tip and the buildup to full injection pressure required about 0. 3 ms. The predicted penetration rates were greater than the measured rates, but the agreement was better for the higher pressure injections (3.04 MPa and 3.82 MPa) than for lower pressure injections (1.86 MPa and 2.45 MPa). Perhaps the higher-pressure injection cases had less delay times in transiting the 17 -mm tube and reaching full injection pressure. These calculations we:e again based on the 22° cone angle for the straight tip.
Discussion
This project has allowed an opportunity to apply the JETMIX model to fuel-air mixing where the fuel concentration can be measured. The model was developed for diesel fuel injection, where the fuel concentration is much more difficult to measure. Therefore, this is an interesting problem. Of course, there are many diff erences in the injection technology used for diesel fuel and for hydrogen fuel, and some of the special aspects of injecting a compressible gas rather than an incompressible fuel are not handled by the standard JETMIX model.
The JETMIX model was useful in predicting the hydrogen jet behavior, although there were significant differences between the predicted and experimental profiles for hydrogen concentration and hydrogen jet penetration. Certain assumptions were made in both the experimental and computational work that would need to be investigated further to determine the reasons for the differences. For example, the experimental measurements of hydrogen concentration rely on the assumption that the high-velocity jet has the same molecular density, and therefore pressure, as the static bomb. The computational work had to use assumptions about the rearr angement of the hydrogen jet profll e from plug flow within the injector tip to a roughly Gaussian profile outside the tip. Also, the computations ignored losses associated with shock waves as the hydrogen jet mixed with nitrogen. Further investigation of all these experimental and computational assumptions is beyond the scope of this project. Figure 1 illustrates why the use of spark plugs to ignite the hydrogen fuel-air mixture on the edge of a direct-injected hydrogen jet is so difficult. The gradients of fuel concentration are very high, so that in spite of the wide flamm ability range of hydrogen-air mixtures, it is difficult to assure that the spark plug is located in a flamm able mixture. That is, the center of the jet is much too rich to burn, outside the jet is too lean, and the region that contains the proper range of fuel and air to burn is extremely narr ow. Further, as in-cylinder air motion such as swirl changes with engine speed or load, the fuel plume may be deflected such that the spark is no longer located in a flammable region.
By going downstream from the injector, the gradients in fuel-air ratio are less severe, providing a larger area in which to locate a spark plug. However, the farther away from the injector the spark plug is located, the more the plume can bend because of swirl in the chamber. A more important objection to moving the spark plug further from the injector tip is that more hydrogen fuel would have to be injected into the chamber before reaching the spark plug, and the high flame speeds of hydrogen generally lead to erratic combustion.
There appear to be at least two approaches to resolving the problems associated with spark plug location and spark timing in the direct-injection hydrogen engine. One approach is to reduce the flame speed of the hydrogen-air mixture, at least at the time of the spark. The second is to very rapidly mix the hydrogen and air to a combustible mixture over a broader region than is curr ently available.
There are several potential approaches to reducing the extremely high flame speed of the hydrogen-air mixture. The flame speed of hydrogen is particularly high at conditions well rich of stoichiometric, peaking at <II "" 1.8 (excess air ratio "" 0.55), and dropping off rapidly for fuel-lean mixtures (Glassman 1987) . If a pre-mixed hydrogen-air mixture could be direct-injected at about <II = 0.7 (excess air ratio = 1.4), the peak flame speed would be reduced by about a factor of 4 (relative to a <II = 1.8 mixture) . This would allow high power to be achieved when required, but might provide more stable ignition and combustion by avoiding the rich mixtures and high flame speeds. Two possible disadvantages of this approach are that it requires a very high-pressure supply of air and the mixture is then at a fl ammable mixture ratio in the injection equipment.
Another approach to reducing the flame speed would be to use early-cycle pilot injection to provide a homogenous fuel-lean charge in the cylinder at an equivalence ratio <II of about 0.2 (excess air ratio of 5). The charge is ignited by the spark plug, and the hydrogen is direct-injected into the already burning mixture. Pilot injection would provide the energy required for low-power operation, and the direct injected hydrogen would be used at higher power levels. A variation of this approach was recently used by Koyanagi et al. (1993) in which hydrogen was pre-mixed with air outside the cylinder at <II = 0.2. They obtained excellent results in terms of stable combustion and low NOx emissions. Early-cycle pilot injection of a small amount of hydrogen might have some safety advantages compared with using premixed gases outside the cylinder.
It might also be possible to use a rich prechamber and lean main chamber as in some natural gas engines. In this case, a small prechamber with a spark plug is used with a very rich mixture of hydrogen. The flame speed is low, but still in the combustible range. Hydrogen is direct-injected into this pilot chamber, and a small amount of air enters the chamber after the fuel is injected. The spark-ignited rich mixture propagates a flame out of the pilot chamber and into the main chamber, which contains a lean premixed hydrogen-air charge. This approach is used for NOx control in a number of natural gas engines (e.g., Aj ax-Superior).
A conventional approach to reducing flame speeds is to use exhaust gas recirculation (EGR) gases. This has been done with some success by Ninomiya and Furuhama (1992) to reduce NOx in hydrogen-fueled spark-ignition engines. EGR in hydrogen engines has the advantage of never containing soot materials that cause problems in some hydrocarbon-fueled engines.
The second approach to avoiding the sensitivity to spark-plug location would to rapidly pre-mix a combustible hydrogen-air mixture close to the injector. One method would be to position the spark plug so that the ground lead always faces up into the hydrogen plume, forming a recirculation zone downstream of the ground lead, right at the spark plug location. This should provide a broader region of well-mixed gases and also help stabilize the flame near the spark plug. The size of the ground electrode might be increased to try to enhance the mixing. A poten ti al disadvantage of any engine with the spark plug close to the fuel injector is reduced spark plug lifetime because of thermal stress.
Summary and Conclusions
An essential part of this effort was for SwRI personnel to become familiar with the progress made in hydrogen fuel use in internal-combustion engines through research conducted at Musashi I.T. over the past I l 20 or more years. Visits by SwRI personnel to Musashi LT., and vice versa, accomplished the goal of sharing experience with hydrogen fuels.
The general shape of the hydrogen-air (actually hydrogen-nitrogen) mixing as measured by Rayleigh light scattering measurements was predicted by the JETMIX model, including both axial and radial variations. However, the modeled predictions of hydrogen concentration were greater than the measured values, and the width of the computed hydrogen-nitrogen plume based on schlieren photography was greater than the width measured by Rayleigh light scattering. These observations indicate that either the model or the experiments are not properly conserving mass. The experimental measurements of hydrogen concentration suggest a significantly narrower jet than the width inferred from the schlieren photographs. There are also transient effects of the hydrogen jet propagation through the 17-mm distance between the injector valve and injector tip that are not handled properly in the JETMIX model, which was developed fo r a diesel-type injector where the valve is very close to the injector tip.
A number of suggestions have been developed during this study to address the extreme sensitivity of the spark-ignition event in hydrogen-fueled engines. Some of these suggestions may be implemented in future engine tests.
Recommendations for Future Work
Hydrogen offers promise as a fuel that does not produce greenhouse gases. Production,1. Storage, and combustion of hydrogen provides numerous interesting research opportunities. The rougp ignition of hydrogen in a spark-ignition engine is a problem observed at Musashi I.T. in Tokyo. SwRI ,has observed the same rough ignition of hydrogen at some conditions in a diesel-fuel, pilot-ignited, direct-injected, hydrogen-fueled engine. The high flame speeds of hydrogen present unique challenges to the combustion scientist The discussion above outlined a number of approaches to addressing the rough ignition of hydrogen-fueled engines.
Equations for Conservation of Jet Momentum Rate and Fuel Mass Flux in Free Jet and Wal l Jet
Till s appendix documents the development of the equations used in the jet mixing model for the free jet and the wall jet. Because the application in this project was limited to the free jet close to the injector, the wall jet portion of the code was not used.
The derivation of the equations for conservation of jet momentum rate and fuel mass flux follows that of Sinnamon et al. (1980) , except that a constant cone angle is assumed (Melton 1971) rather than the assumptions about entrainment rate used by Sinnamon et al. Till s was fo r ease in adapting the model for the wall jet, where the spreading angles are presumably easier to measure than the entrainment rate. Another exception to the approach by Sinnamon et al. is that the effect of swirl on the trajectory of the free jet is not included in the calculations reported here. The effect of swirl on entrainment rate is included both in this model and in the model by Sinnamon et al. Please see Sinnamon et al. (1980) for a more thorough discussion of the development of a similar set of equations.
Three assumptions commonly used in the analysis of jets were used to derive the equations· used in this model :
(1) The fuel mass-flow rate of the jet at every axial cross-section is the same, · and is equal to the fuel mass flow rate at the source.
The momentum rate of the jet at every cross-section is the same, and is equal to the momentum rate of the jet at the source.
The spreading angle of the jet is assumed to be constant, and the profiles of velocity and fuel mass fraction are assumed to be self-similar and to follow the profiles described below.
The jet velocity profile is described by
where u is the local jet velocity, � is the centerline jet velocity at a given axial location, f(e) = 1. -e1.5, and e = r/b , where r is the local radius and b is the radius of the jet from the centerline to the point where the velocity is zero. The fuel mass fraction profile is similar to the velocity profile but slightly broader. The fuel mass fraction at any radial location, c, is described as
where em is the centerline fuel mass fraction and f(e) is the same as above. These profiles are shown in Figure A-1 .
Fre e Jet Analysis
For the free jet, the conservation of fuel mass flow rate called for in assumption (1) above may be written (Sinnamon et al. 1980) ,
where xis the axial distance, cis local fuel mass fraction, pis the local jet density, u is the local velocity, and A is the cross-sectional area of the jet. Defining 13 = 1 -Poo I Pr• where P oo is the density of the air or gases in the chamber, and Pr is the density of the fuel, then the local density p is related to the fuel mass fraction c by,
The cross-sectional area of the free jet is related to the local radius r and the non-dimensional radius e by and the differential area is then Substituting Eqs. (1), (2), (4), and (6) into (3),
i ,/ 
where cd is the discharge coefficient of the injector hole and APinj is the differential injection pressure. The injector hole area A..s is Therefore the fuel mass flow rate at the source is but from assumption 1 and Eq. (3), m = ms, so Eq. (7) is just equal to 11, or, (12) Equation (12) represents the conservation of fuel mass flux fo r the free jet at every cross-section. There are two unknowns in Eq. (12), the centerline velocity at a given axial location, �· and the centerline fuel fraction, em. By developing the equation for conservation of jet momentum rate of the free jet in terms of the same two unknowns, the two equations may be solved simultaneously to determine the two unknowns. Once the centerline values of velocity and fuel mass fraction are determined at every axial location, the radial profiles may be determined from Eq. (1) and (2) .
The conservation of momentum rate of the free jet may be expressed as (Sinnamon et al. 1980) (13) This may be rewritten by making substitutions in the same manner as above to obtain (1 4 ) Now the momentum rate at the source is just (15) and from Eq. (14), this must be equal to the jet momentum rate at every cross-section downstream, or (12) to determine the two unknowns, um and em. Because em is included in integral expressions in both Eqs. (12) and (16), it is most practical to solve these equations numerically. That is the procedure used in this computer code. Thus, at a given axial location, a large initial value is assumed for em and both Eqs. (12) and (16) are solved for um, and a check is made to determine if they are approximately equal If they are not equal, the guess for em is decreased and the process is repeated until the values for um are approximately equal This procedure is repeated for each axial location from close to the jet source to a full set of downstream locations. The first initial guess for em close to the injector is taken as 0.998, and then the guessed values for em are decreased until the � values are approximately equal. At the next axial location, the initial value for em is taken as the fm al value from the previous axial location, and then decreased until the � values from the two equations are again approximately equal This is based on the assumption that the centerline fuel fraction em is constantly decreasing as the axial distance increases. The only exception to this is for the first step after the jet has reached the wall, where the initial guess for em is again taken as 0.998.
Wall Jet Analysis
The treatment of the fuel jet behavior after it hits the wall has not been treated in the literature in a similar manner to that of the free jet. However, there is literature describing the impingement of gas jets with walls (e.g., Poreh et al . 1967; Beltaos and Rajaratnam 1977; Iida et al. 1990) , and this is being used to
improve the wall jet model. There is also literature describing the interaction of a two-phase jet with a wall, but that is not pertinent to this discussion.
The initial approach used here in treating the wall jet is to make similar assumptions to those used in the free jet with adjustments made to the geometry. In fact, the three assumptions listed above for the free jet were assumed to hold true for the wall jet, and the profiles of velocity and fuel mass fraction were assumed to be the same as for the free jet, with the centerline values now assigned to the streamlines next to the wall, and with velocity and fuel mass fraction decreasing in the direction away from the wall. This approach ignores the friction of the wall, and the resulting boundary layer next to the wall. Also the initial effort assumes impingement at normal incidence, although impingement at other angles will have to treated in the future.
The wall geometry is assumed to follow that shown in Figure A- 
The conservation of the fuel mass flux of the wall jet is the same as the free jet in general terms, i.e., Eq. (3), except that the initial upper limit of integration is c' = r1/b ', where r1 is the distance from the maximum velocity point in the wall jet to the zero velocity point.
but the values suitable for the wall jet must be substituted giving (21) or pulling out the constant terms to get so that in a similar way to the free jet, Eq. (23) represents the conservation of fuel mass flux and provides one equation with two unknowns, the "centerline" velocity, 11m• in this case the velocity just outside the boundary layer at the wall, and the "centerline" fuel mass fraction, em, defined at the same point. Again adding the equation for jet momentum rate conservation allows the opportunity to solve simultaneous equations to determine the two unknowns.
The conservation of momentum rate for the wall jet is the same in general terms as for the free jet, 
Because the jet momentum rate is conserved, the jet momentum rate at any distance along the wall is equal to the momentum rate of the source, which is given by Eq. (15), so Equations (23) and (26) are solved simultaneously using the same numerical procedure as described ab ove for the free jet.
The solution of the free jet and wall jet equations are independent of each other. The actual process between a free jet and a wall jet involves a complicated transition region that is not modeled using this approach. However, solving the free jet and wall jet independently requires that initial conditions be established for the wall jet that may depend on the free jet. The best approximation for the initial conditions of the wall jet are currently under study. The calculations performed to date have assumed that the initial height of the wall jet in a direction at right angles to the wall is identical to the calculated radius that the free jet at an axial location corresponding to the wall. This is illustrated in Figure A-2 . The initial location of the wall jet was assumed to be 113 of the way out from the centerline to the full jet width at the wall, as shown in Figure A-2 . This may be stated in words that the free jet is assumed to approach the wall and then open up uniformly at the wall with the maximum jet velocity close to the wall, with decreasing velocity going outward from the wall.
The analysis by Poreh et al. (1967) suggests that the initial height of the wall jet is much less than that assumed for the calculations shown in this report. Thus, the initial conditions of the wall jet will probably be changed, but a more thorough review of the literature is required before this change is made in the model.
